In shear flows turbulence first occurs in the form of localized structures (puffs/spots) surrounded by laminar fluid. We here investigate such spatially intermittent flows in a pipe experiment showing that turbulent puffs have a well defined interaction distance, which sets their minimum spacing as well as the maximum observable turbulent fraction. Two methodologies are employed. Starting from a laminar flow, puffs are first created by locally injecting a jet of fluid through the pipe wall.
INTRODUCTION
Recently substantial progress has been made in understanding the dynamics underlying turbulence in pipe flow close to onset [1, 2] . A large number of unstable solutions to the problem have been identified (mostly travelling waves) and it has been suggested that the turbulent dynamics evolve around such unstable states. Although similar coherent states have been observed in experiments [3] , an important qualitative difference between the exact solutions observed to date and structures within the turbulent flow is that while the former ones are spatially periodic the latter are localized in the streamwise direction. Specifically at low Reynolds numbers (Re≈2000) turbulence only occurs in localized patches [4, 5] also referred to as equilibrium puffs [6, 7] , which are separated by laminar fluid. Only when the Reynolds number is further increased turbulent patches begin to spatially expand. A better understanding of the processes underlying localisation [8] is an essential requirement to allow further theoretical progress. This regime is also of practical interest since the pressure and flow rate fluctuations in the laminar-turbulent intermitent flows are very large (markedly higher than in the case of a fully turbulent flow). In addition edge states [9] [10] [11] separating laminar from turbulent flow and which are potentially relevant for the transition process remain bounded in axial direction ever at much higher Re. This indicates that even beyond the intermittent regime localisation is relevant to some aspects of the flow.
Localized turbulence can be identified in a number of canonical shear flows, but unlike in pipe and channel flows, for Taylor-Couette (TCF) and plane Couette flow (PCF) regular spatio temporal structures have been reported to consist of tilted laminar-turbulent stripes.
In the case of Taylor-Couette flow the localized turbulent stripes are traditionally known as turbulent spirals [12] . The existence of a distinct preferred wavelength has led to the speculation of a wavelength instability preceding turbulence [13] [14] [15] [16] . In pipes, on the other hand, many earlier investigations of the intermittent regime [5, 6] were focused on quantities like intermittency factors and turbulence fraction which for observation times typically realized in experiments and simulations (∼ a few hundred D/U), are strongly dependent on initial conditions as well as imperfections, such as disturbances created at the pipe entrance.
In this paper we quantify the spatial interaction in the intermittent regime and we aim to determine an upper bound on turbulence fractions and friction factors, which unlike above quantities do not depend on the specifics of the experimental setup. The resulting puff 
EXPERIMENTAL SETUP
The experimental set up consists of a long glass pipe of D=10 ± 0.01 mm diameter. The pipe is made from 1 meter long sections joined to form the total length of 6 meters. The junctions are carefully machined to avoid disturbances in the flow. The entrance consists of a 200 mm long cylinder with a diameter of D = 100 mm and contains 2 meshes at the upstream end and a smooth convergence to the 10 mm pipe at the downstream end. In the absence of external perturbations flow remains laminar up to Re = 8000. Distilled water is used as the working fluid and formation of algae is avoided by adding 300 ppm of Sodium Hypochlorite.
The flow velocity is regulated by altering the height of a reservoir tank connected to the pipe. A pump is employed at the pipe end to recirculate the water to the reservoir and ensures that the pressure head is held constant. A sketch of the experimental setup is shown in figure 1 . The mean flow velocity can be determined by weighing the mass of discharged fluid over a period of time (typically 60 seconds). In order to reduce temperature fluctuations that alter the liquid viscosity the water is circulated through a heat exchanger before entering the pipe. The temperature of the water is continuously monitored by a PT 100 thermal probe which shows typical variations of 0.1 K over 3-4 hours. Repeated measurements show that Reynolds number variations are less than ± 0.5 % over a 3-4 hour period. When the flow changes from laminar to turbulent, the drag increases and consequently the flow rate in a gravity driven pipe is reduced. This undesired effect is minimized by circulating the water through a big flow resistance (in our case a tube of small diameter) before entering the pipe. 
RESULTS

Periodic perturbation
The first set of experiments are concerned with determining the distance at which puffs first interact. When puffs are located too close to each other the downstream puff decays [19] . To find the exact distance where this interaction starts periodic perturbations are applied to the flow at a fixed position and the rate of puff triggering as response of the injected disturbance is observed at a downstream distance.
The perturbation consists of a water jet injected by a solenoid valve, placed 100 D downstream of the pipe entrance, which is run at frequencies ranging from f = 0.2 Hz to f = 2.5
Hz. The valve opening time, frequency and water discharge are independently controlled.
The duration of each jet is t jet = 0.11 s ≈ 2.5 D/U and the amount of water injected is 0.15 ml per discharge which corresponded to less than one-hundredth of the pipe discharge at Re=2000. At the distance of 400 D downstream the perturbation point, the number of induced puffs, N puffs , is counted during 300 s ≈ 7500 D/U. For each frequency of the input disturbance the experiments are repeated five times to extend the observation period to t obs ≈ 37500 D/U. In the following the temporal spacing of perturbations is converted into an axial spacing of pulses by multiplication with the mean velocity U, assuming that perturbations are advected with the mean flow speed. This assumption is supported by a previous study [20] where we show that isolated puffs propagate only ∼ 5 % slower than the mean flow at these Reynolds numbers.
The ratio of the number of observed puffs to the number of perturbation pulses is shown in figure 3 puffs to perturbations drops below one. Figure 3(b) shows the distance between the generated puffs in response to the perturbation period. From figure 3(b) it is again evident that the rate of puff generation is in synchrony with the rate of injected perturbation for large axial spacing and that the puff spacing is identical to the spacing preselected by the perturbation. Once puffs are created at too short distances (< 20-25D) the number of puffs observed downstream drops resulting in an increase of the distance between observed puffs.
The minimum of each curve in figure 3(b) corresponds to the perturbation frequency generating the maximum number of puffs which can sustain themselves in a given length of the pipe. The corresponding distance will in the following be referred to as the optimum spacing as it provides the maximum turbulent fraction. For times between perturbations shorter than the minimum one (high frequencies), the generation of puffs decreases quite sharply for the lower Reynolds numbers. For instance at Re = 2000, only one puff each 1000 D is observed at high perturbation frequencies (1/f=7D/U). At these frequencies perturbed regions do not always merge to form a single puff but instead quite frequently they annihilate each other. This decrease of generated puffs is smaller for the higher Reynolds numbers where the distance between puffs seems to saturate for large frequencies.
Next we investigate whether the generation of puffs depends on the intricacies of the jet injection method i.e. the water injected per perturbation and the valve opening time.
The puff spacing is found to remain unchanged when the jet discharge is varied from 0.15 ml/discharge to 0.25 ml/discharge. The impact of the jet duration on puff spacing has also Since the minimum of all curves is the same, the optimum puff spacing is independent of the details of the perturbation.
In the following the friction factor is measured for three cases: for a flow without perturbation, when the flow is tripped by an obstacle and for the periodic perturbation de- observation point any transitional friction factor (i.e points between the Hagen-Poiseuille and the Blasius curves) can be observed for Reynolds number Re>2000.
In order to investigate the dependence of the friction factor on initial conditions we study the pressure drop for varying frequencies of the jet perturbation. The flow is again periodically perturbed as described earlier and 100 D downstream of the perturbation point the pressure drop is measured over a length of 770 D (the pipe length was increased by 5 meter for this purpose) with a Validyne DP45 pressure sensor. The pressure drop over this length lies in the optimal working range of the DP45 sensor resulting in an accuracy better than one percent for the pressure readings. Starting from small perturbation frequencies, i.e. large spacing, the friction factor is found to first increase with frequency and then reaches a maximum at the optimum puff spacing ( figure 5(a) ). Beyond this point the perturbed regions start to interact resulting in a lower density / packing fraction of puffs.
The maximum packing fraction data provides an upper bound for the friction factor for a given Reynolds number, shown by the green triangles in figure 5 (b). These data therefore provide a well defined connection between the Hagen-Poiseuille law and Blasius law. While the maximum packing fraction is clearly differentiated for Re<2300 the curves become flatter when increasing the Reynolds number until the point that the curves are almost flat and only a very weak interaction can be detected (Re = 2500). The fading of the maximum indicates that a fully turbulent flow state is approached. This is in qualitative agreement with recently suggested transition points to fully turbulent flow at Re = 2550 to 2600 [21, 22] although from our data no criticality can be inferred.
Reduction experiments
In the following we would like to investigate if in analogy to TCF and PCF "largewavelength instability" scenario [13] [14] [15] can also be observed in pipe flow. In the above studies it has been suggested that when the Reynolds number is reduced from the fully turbulent regime, an instability occurs which gives rise to periodic laminar-turbulent pat- From the data we determined the cumulative probability P (d) that two adjacent puffs are separated (peak to peak distance) by a distance d or larger. For a spatially periodic pattern such cumulative distribution should show a sharp drop at the wavelength of the pattern. Instead, as shown in figure 7(a) , the data falls on exponential tails. The fact that the spacing between the puffs is highly irregular is also seen in the example shown in figure 6(b) . The exponential distributions ( figure 7(a)) do not cross zero but reach P (d)=1 at some value d=d min > 0 where d min is the minimum puff spacing. The distribution takes the form of :
where d 0 is related to the distance from which the exponential distribution applies and δ is the characteristic scale of the exponential distribution. Note that δ+d 0 is the mean distance between the puffs. The statistical analysis of an exponential distribution which only applies from a distance d 0 has been performed using techniques described in [26] . This probability function implies that the spacing between two puffs is always larger than d 0 but otherwise arbitrary and that it is not influenced by the spacing between puffs further up and downstream. Therefore the existence of a preferred spacing or wavelength is ruled out. While the quality of the data does not allow to determine the exact functional dependence the characteristic distances appear to approach zero for Re >≈ 2500, where maximum puff packing should be achieved. This point is very close to the transition to uniform turbulence (Re c = 2550 − 2600) and to the Reynolds number where the puff interaction diminishes ( figure 5(a) ).
DISCUSSION & CONCLUSIONS
The experiments presented in this paper establish the existence of a minimum distance between turbulent patches in pipe flow. In the first set of experiments an optimum distance corresponding to the densest packing fraction of puffs has been determined with the aid of a periodic perturbation. Specifically we measured the maximum achievable friction factor in the transition regime as a function of Re. Typically the friction factor in this regime strongly depends on initial conditions and varies from one experiment to another. Our data gives an upper bound for the sustainable friction factor and provides a well defined link between the Hagen-Poiseuille and the Blasius law. In the second set of experiments, where no periodicity was imposed externally, a minimum spacing has been observed. In Both data sets overlap indicating that the minimum spacing is a property intrinsic to the flow, independent of initial conditions or flow perturbations. The existence of a minimum spacing in pipe flow can be explained following the arguments presented in [19] where it has been pointed out that the instability mechanism sustaining a puff relies on an inflection point at the rear of the puff. When an upstream puff appears the inflection point behind the original puff is distorted. Eventually the downstream puff decays if the distortion is strong enough. The nature of the instability at the rear end of the puff has also been discussed by [27] and [11] . Similar to the arguments given in an earlier study by [28] they emphasize the relevance of Kelvin Helmholtz vortices created at the rear interface to the puff sustenance.
It should be pointed out that the active region of a turbulent puff is approximately 10 D long [19] . Further downstream the fluctuations have disappeared and the profile gradually recovers the parabolic shape until the preceding puff is encountered. This aspect is similar to the observations in stripe patterns in PCF [29] . The turbulent eddies are localised in the turbulent stripes which approximately have a width of 10 wall spacings. Between two stripes the flow relaminarizes but does not quite reach the fully developed laminar profile. A comparison of the minimum puff spacing in pipes to the wavelength measured in PCF and TCF laminar turbulent patterns [13] surprisingly shows that the wavelength closely matches the interaction distance found in pipes when the Reynolds number is rescaled so that the intermittent region for the different flows overlap. The wavelength have been calculated from the spanwise and streamwise spacings measured by [14] . Banded laminar-turbulent patterns with similar wavelengths have been reported in TCF, PCF, torsional Couette flow and plane Poiseiulle flow [29] . Our measurements extend this similarity to the case of pipe flow where the typical length scale does not appear as a wavelength but as a minimum or optimum distance.We hope that this observation will stimulate further studies to clarify similarities and differences between these flows.
Our results indicate that in pipes the spacing between adjacent turbulent regions is a consequence of nearest neighbour interaction process and that no long range instability as suggested for PCF and TCF [13, 14] is required. It should also be pointed out that as a recent study shows [30] the spreading and splitting of puffs takes place on time scales much larger than those available in typical pipe experiments. It is therefore possible that in the asymptotic time limit a more regular puff spacing is reached, which may be closer to the maximum packing fraction. If so this flow pattern would result from nearest neighbour interaction and not manifest a least stable wavelength of an instability.
